A technique is developed for photomodulated spectroscopy in a long-wavelength region, based on a step-scan Fourier transform infrared spectrometer. The experimental setup is discussed, and photoreflectance ͑PR͒ spectra of narrow-gap HgCdTe materials are given as examples at the wavelengths of 5 and 9 m. The photoluminescence spectra suggest that the PR features are related to the material fundamental gap. The signal-to-noise ratio and spectral resolution of the PR spectrum are quite good for line-shape analysis. The results indicate that the PR spectrum can be well fitted by a third-derivative line-shape function. Advantages and extendability are emphasized, and the potential for advancing the study of narrow-gap materials' band structures is foreseen. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2378675͔
Photoreflectance ͑PR͒ is one type of photomodulated spectroscopy. It is a powerful nondestructive tool for optical characterization of semiconductor electronic band structures. A conventional PR experimental system is based on a dispersive monochromator. Generally, it consists of a monochromator, a combination of pump ͑normally a laser͒ and probe ͑wavelength tuned monochromatic light͒ beams, and a phase-sensitive detection ͓lock-in amplifier ͑LIA͒ and mechanical chopper͔ set. Modulation of the electric field in the sample is realized by photoexcited electron-hole pairs created by the pump beam, which is modulated at a frequency by the chopper. The derivative nature of a PR spectrum suppresses unwanted background effects and emphasizes the structures located in the energy range of interband transitions and other weak features that may not be seen in a normal optical reflectivity spectrum. 1 Therefore, PR spectroscopy has found wide applications in characterizing materials' band structures in the last decades. [2] [3] [4] [5] It is noteworthy, however, that up to now the studies have been mostly limited to the wide-band materials in visible and near infrared spectral regions with a wavelength shorter than 4 m. 6, 7 This limitation is due mainly to the facts that ͑i͒ the source in the mid-to far-infrared spectral region produces far fewer photons than the tungsten filament lamps, and ͑ii͒ the long-wavelength photodetector, e.g., HgCdTe, is inherently less sensitive than the Si-or InGaAs-based visible-region one. The joint effect of the source and the detector makes the inefficiency of grating spectroscopy increasingly important. Thus the band structures of narrow-gap materials have not been well studied, making engineering their properties difficult, although the narrow-gap materials play crucial roles in optoelectronic applications.
Recently, an attempt of extending photomodulated measurements to longer wavelength by a technique based on a slow-scan Fourier transform infrared ͑FTIR͒ spectrometer was reported. 8 The results illustrated the possibility of applying PR measurements to the mid-and even far-infrared spectral regions. However, the technique was rather tricky and complicated, as it demanded special considerations of the FTIR spectrometer on both hardware and software aspects. The spectrum obtained was not normalized and therefore contained not only the material-related photomodulation information but also the system response determined by the probe beam, the detector, and possibly the environmental disturbance introduced to the optical path. The signal-tonoise ratio and spectral resolution were miserable and unreliable to some degree for quantitative analysis. 8 In fact, similar problems of signal-to-noise ratio and spectral resolution also occurred in the double-modulated infrared photoluminescence ͑PL͒ technique based on a slow-scan FTIR spectrometer. 9 A key issue involved was that the scanner of the Michelson interferometer in a slow-scan FTIR spectrometer moved continuously and modulated the probe beam with so-called Fourier frequencies. As a principle, these frequencies should be well separated from the external modulation frequency applied to the pump beam by the chopper. It severely limited the selection of the LIA's time constant and hence drastically reduced the achievable spectral resolution and signal-to-noise ratio.
In this letter, new progress in implementing photomodulated spectroscopy with a commercial step-scan FTIR spectrometer is reported. The experimental setup is introduced briefly, and PR and/or phototransmittance ͑PT͒ spectra are given in the mid-and far-infrared spectral regions to verify the performance of the technique. The preliminary line-shape analysis indicates that the PR spectrum can be well described by the third-derivative line-shape function, which can serve as a proof of the derivative nature of the spectrum. The advantage of the technique is foreseen in the study of the narrow-gap semiconductor's electronic band structures.
In contrast to the slow scan, a most distinct feature of the step scan is that the scanner of the interferometer steps to a position of fixed optical path difference by using the internal He-Ne control signal and can remain perfectly still at that position while data acquisition takes place. This means that the probe beam is internally modulated at a Fourier frequency of 0 Hz from the point of view of the data acquisition. The problem of separating the external modulation frequency from the internal Fourier frequency hence no longer exists.
of the LIA's time constant and the pump-beam modulation frequency and makes sufficient space for significantly improving the attainable spectral resolution and signal-to-noise ratio. Figure 1 schematically illustrates the experimental setup of photomodulated spectroscopy in the long-wavelength spectral region. A FTIR spectrometer ͑Bruker IFS 66v/S͒, which runs in the step-scan mode, is used to realize three purposes of ͑i͒ producing a probe beam with a Globar lamp and a KBr beam splitter, ͑ii͒ detecting signals with its liquidnitrogen cooled HgCdTe detector, and ͑iii͒ calculating ⌬R and R ͑or ⌬T and T͒ spectra by its electronic controller and Fourier transform computing device. An Ar + -ion laser operates at a 514.5 nm spectral line. Its output is chopped by a mechanical chopper to form a pump beam, and is then focused onto the sample surface to cover the area being illuminated by the probe beam. The reference output of the chopper is used to lock the LIA to the chopper frequency . The ac and dc outputs of the detector are coupled to the LIA and an electrical low-pass filter ͑LPF͒, respectively. The outputs of the LIA and the LPF are then fed into the electronic controller for data acquisition. After Fourier transformation, the ⌬R-and R-͑or ⌬T-and T-͒ related spectra, B ac LIA and B dc , are obtained simultaneously. It should be explicitly pointed out that for such a system, the restriction on the LIA's time constant is fully removed, and hence a sufficient long time constant, e.g., 10
1 -10 3 ms rather than ഛ1 ms, can be assigned to the LIA for filtering noise out. This is beneficial to the signal-to-noise ratio of the PR ͑or PT͒ spectrum. 10 For PR measurements, the M 1 -M 4 mirrors ͑in dashes͒ are employed. For PT measurements, all the M mirrors are removed, and the sample is rotated by 90°to keep it perpendicular to the probe beam. The final normalized PR or PT spectrum, namely, ⌬R / R or ⌬T / T, is determined by
where K dc and K ac are the transfer functions of the LPF and the LIA, respectively. C corresponds to the effects of the diffuse reflected pump beam and sample's PL excited by the pump beam, which is inherent in the conventional PR ͑Refs. 12 and 13͒ but does not occur in the PT configuration. Due to the intrinsic advantages of the FTIR spectrometer, 10, 14 C is small in the step-scan FTIR-based configuration and can be, in practice, safely ignored. It is obvious from Eq. ͑1͒ that this technique is significantly superior to the recent one based on a slow-scan FTIR spectrometer. 8 Though environmental disturbance such as atmospheric absorption may be strong for the mid-and far-infrared spectral regions and the system may be unstable during a measurement, they are no more a problem for the PR or PT spectrum, as both the B ac LIA and the B dc are recorded simultaneously under an identical experimental condition.
As a performance test, both the PR and PT measurements are carried out for an As-doped molecular-beam epitaxial ͑MBE͒ narrow-gap Hg 1−x Cd x Te layer with x = 0.313 at a temperature of 77 K. A 50 mW power is used for the pump beam. The PR and PT spectra are depicted in dots and squares, respectively, in Fig. 2 . The spectral resolution is 16 cm −1 . It is very impressive that, in contrast with the results established by the slow-scan FTIR-based PR technique, 8 the PR spectrum illustrated in Fig. 2 manifests a complete derivative line shape, and its signal-to-noise ratio is rather fine even under a high spectral resolution. For a direct judgment if the spectrum is relevant to a band-to-band transition, a PL spectrum measured at the same temperature by a step-scan FTIR-based modulated PL technique 10 is plotted at the bottom of Fig. 2 . Clearly, both the PR and the PT spectra show peak͑s͒ in the spectral region of 4.5-5 m, where the PL peak occurs. As the PL peak is related to the material's band-to-band transition, 15 it is safe to conclude that both the PR and the PT spectra contain information about the material's fundamental gap electronic structures.
To check the characteristics of the PR spectrum, a leastsquares curve fitting is performed by the third-derivative line-shape function for an unbound situation and a low electrical field modulation,
where A i and i are the amplitude and phase of the ith line shape and E i and ⌫ i are the energy and broadening param- eters of the ith transition. m depends on a critical point type and takes a value of m = 2.5 for a three-dimensional critical point. The result is plotted as dashes overlaying the PR spectrum. Obviously, the curve fitting gives a good description of the experimental data and hence provides a direct proof for the third-derivative characteristics of the PR spectrum. The band gap energy determined is 0.270 eV, which is 0.006 eV higher than the value of 0.264 eV calculated by the well accepted empirical formula based on optical and magnetooptical experiments. 16 A similar phenomenon is also discussed below for the example. The reason is that the HgCdTe absorption edge manifests an abnormal shift with temperature in the range of 30-70 K, due to the shallow levels such as Hg vacancies, 17 leading the calculated band gap energy to be several meV lower. Such a close fit suggests that the PR spectrum may provide reliable information about the sample's fundamental gap, dopant, and vacancies.
The extendibility of the technique to far-infrared spectral region is demonstrated by another Hg 1−x Cd x Te sample with x = 0.235 prepared by a Te-rich liquid-phase epitaxy ͑LPE͒ technique. Figure 3 depicts the PR in dots ͑a͒ and the corresponding PL in solid line ͑b͒ at a temperature of 77 K. The absolute intensity is also shown for the ⌬R / R, which is in the order of magnitude of 10 −3 , similar to that of the ⌬R / R for the sample illustrated in Fig. 2 , but is about ten times stronger than the common value in the near infrared spectral region. One reason may be the fact that a 50 mW power is used here for the pump beam, which is about ten times stronger than that normally used in the conventional PR measurement. 3 The PR shows its peak at the spectral region where the corresponding PL peak is located, indicating its fundamental gap-related feature. Based on Eq. ͑2͒ and m = 2.5, a good fit is achieved, which reveals again the thirdderivative characteristics of the PR spectrum. The result is plotted in dashes overlaying the PR spectrum. The band gap energy determined is 0.145 eV, which is 0.005 eV higher than the value of 0.140 eV derived by the formula. 16 From Figs. 2 and 3 , it is obvious that there is a significant difference between the PR line shapes of the two samples. This is determined by the samples' intrinsic properties. While the PR spectrum of the As-doped MBE sample may contain abundant information about fundamental gap, As-dopant, and/or Hg vacancies, that of the Te-rich LPEgrown sample may be just dominated by Hg vacancies and band-gap-related transitions.
It is worthy to mention that for this step-scan FTIRbased photomodulated spectroscopic technique, the only limitation to the measurable spectral region is the detector of the FTIR spectrometer. As a rule of thumb, the detector should have rapid response and ac-and dc-output connectors. For the system employed in this work, the applicable spectral region can be extended to over 20 m with a liquidnitrogen cooled wide-band HgCdTe detector. This will significantly promote the study of narrow-gap materials' electronic band structures.
To summarize, a step-scan FTIR spectrometer-based photomodulated spectroscopic technique is developed for application in the long-wavelength spectral regions. The experimental setup is briefly introduced, and the advantages of this technique are demonstrated over the recently reported one based on a slow-scan FTIR spectrometer. Applications of the technique are given as examples to HgCdTe materials at the wavelengths around 5 and 9 m. Line-shape analysis indicates that the PR spectrum can be well fitted by thirdderivative line-shape function and hence opens a pathway to a quantitative study of narrow-gap materials' electronic band structures. Extendability to an even longer wavelength spectral region is also foreseen.
